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FOREWARD 

This  report  was prepared by  the  Research Department, 
Aeronautical  Division,   Minneapolis-Honeywell  Regulator  Company, 
in accordance  with   the  requirements  of Navy Contract  No.   Kunr- 
929(00),   administered by  the Offie*  nf  Naval  Research.     The 
contract was  initiated under  the  research project   identified 
by Expenditure Accounts 14.60OO   (Research Navy)  and ij.6832   (Aircraft 
and  Facilities Navy).     This   is a  contract  for  research involving 
the   study of helicopter  control  systems  from the  point  of view 
of automatic control  of attitudes  an1 power.     Phase  I of  this 
study(for which this  is  the  final  report)   has  been supported 
by  the above  contract,  which commenced on 15 June  1952 and 
expires  on  31  July T 953•     It has been proposed that  the next 
phase  of research under this  program be  supported by  the  Navy 
under a continuation of  the  Nonr~929(00)   contract,   beginning 
1 August  1953. 

I 
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ABSTRACT 

Ur.dar   Phase  I  cf  the   Study  of   the  Automatic  Control 
Systems  for   Helicopters,   the   foundations  were  developed for 
the  analytical determination of  automatic  control  system de- 

f sign criteria.     These  foundations  consist  primarily of   the 
theoretical  equations  describing  (1)   the   transient motion,  of 
a  hovering,   single-rotor  helicopter  with rotor  RPM degree-of- 
freedom,   and   (2)   the   dynamical  characteristics   of   reciprocating 
and  single-spool   turbo-prop engine  types.     In addition,   the 
mechanization of the  control   system transfer   function has  been 
investigated  from  the view-point   of   incorporating  in the  dynamical 
analysis   the  characteristics  of high-performance  components 
requiring  a minimum of additional  development. 

i 
Also  discussed  here  are  several  topics  remaining under 

investigation or   otherwise  not  completed at  the   Phase  I  termin- 
ation date   (31  July  1953).     These  Include  the   study  of forward- 
flight  transient motion,   the   initial phases  of  the  complete 
closed-loop control  study,   and  ths  REAC   study of  rotor  RPM 
control  in hovering  for  the  case of   the   turbo-prop engine. 

i • 
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I  INTRODUCTION 

The gf-or«l task with which the present research program 
was initially confronted was the determination of desirable 
closed-loop transfer functions for helicopter automatic control 
systems.  T'ise systems were to be of the pilot-relief variety 
and were to perform the functions commonly associated with 
an autopilot and a rotor (or engine) HPM governor.  While heli- 
copter autopilots and RPM governors were in existence prior 
to the inception of this study, it had not been determined 
whether the designs of these controls were optimum from the 
standpoint of the net performance of the helicopter.  In 
particular, it appeared that previous developments had ignored 
the possible inter-relationships between transients in rotor 
RPM and rolling and pitching motions of the aircraft.  It 
was therefore indicated that a study be made to establish the 
criteria for the design of high-performance automatic control 
equipment for helicopters, with emphasis on the possibility 
of integrating the action of autopilot and rotor RPM governor. 

4 

i 
i 

i 
The   helicopter   configuration  chosen   by mutual  agreement 

for  initial  consideration  under  this  program was  the   single 
main-rotor   type  with  the   torque-compensating  tail  rotor, and 
powered by a   single-spool  turbo-prop  engine.     In accordance -jt 
with  the  aforementioned  objective   of   studying  the  effects  of 
cross-coupling  between  transients   in rotor RPM and helicopter 
motions  on  the  design and  operation  of automatic  controls,   it ~| 
was necessary  to  develop  the   theoretical  equations  for   the 
dynamical  analysis   on this  basis.     As  for  the   turbo-prop  engine, 
it  was  necessary  to   establish   tne acceleration  characteristics 

*» for  the  particular  unit  chosen as   the   investigation model. 
-. 

•-- 

An additional  consideration at   the   outset  was   the   desire 
to  explore  the   value   to  the  present   study  of  the  comparatively 
new Root  Locus method of  feedback analysis.     This   technique 
was  applied  in the  Investigation of  rotor  RPM control  based on 
relatively simplified flight  conditions   (see  Section V).     Of 
course, also available  at  Minneapolis-i.jneywell  as  a  tool   for 
the  analysis  of  closed  loop  servo  systems,is  the REAC  analog 
computer,   which was  employed  in the   same  investigation  as  above. 

-"I 
The  program of  study experienced  several  alterations  in 

schedule  from that  originally  set  up.     These  had  to  do pri- 
marily with the   interest  expressed by  the   Bureau of Aeronautics 
mid-ray in Phase  I  in having this  work give  early consideration 
to  the   control  problems   of   the  helicopter  with reciprocating 
engine,   especially  lor  the   ASW-type   oi" mission.     The  effort  on 
the  turbo-prop  engine  was  consequently  suspended prior  to  com- 
pletion.     The   theoretical  determination of   the  dynamical  char- 
acteristics  of  the  piston-type  engine  was  then undertaken 

•1 
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simultaneously with efforts to secure corresponding experimental 
data, from the Aeronautical Enginb Laboratory, Naval Air Material 
Center. 

With the development of the equations of motion for the 
helicopter and the theoretical estimate of the transient be- 
havior of the reciprocating engine, tne servo analysis was 
initiated by a detailed consideration of the means for mechan- 
izing the error sensing^ control actuating, and othor elements 
of the closed-loop feeduack systems  The status of this work 
is included in the discussions of Section VI. 

. 

The preceding statements were intended to provide an over- 
all picture of the program of activities in Phase I of this 
study.  The sections to follow will discuss this work at greater 
length, although those topics for which Interim Reports have 
been issued are only briefly described nere. .* 

... 

I 

\ 
i 

t 
1 
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II     REVIEW  OF   PRIOR  ART 

2.1  STUDY OP THE LITERATURE 

2.1.1 Basic Helicopter Dynamics 

A thorough survey has been made at Minneapolis-Honeywell 
of the available literature in the field of helicopter dynamics. 
From the standpoint of the present study, the obvious question at 
the beginning was whether there already existed the necessary 
transient data for the helicopter in the form desired for the 
present application.  In particular, there was the problem of 
including in the theory the effects of variable RPM of the 
rotor.  It was also desirea that a perusal of the literature 
be made for the purpose of determining which theories, ex- 
periments, etc., were likely to be most useful in guiding the 
present development in the event that new stability equations 
had to be derived. 

Presented in Appendix A is a bibliography, arranged 
chronologic all y,  of the documentation examined during tne 
initial phases of the present research project.  The list 
does not include reports dealing primarily with vibration or 
flutter, nor material which was very recently received and-, 
therefore, had little influence on the developments reported 
here. 

The theory for helicopter dynamics has progressed to a 
relatively advanced state but for the mosTi part remains with- 
out experimental corroboratlon.  Regarding the effect of 

j. transients in rctor RPM, previous investigators chose to neglect 
this effect in their evaluation of helicopter dynamics. 

| 
2.1.2 Helicopter  Autopilot development 

The reports on earlier work in this field are included 
in the bibliography in Appendix A.  Every effort has been 
made to benefit the present effort by the experiences of prior 
developments.  Here again, however, the scope of these previous 
projects was of a more limited nature than that planned here. 

2.1.3 Helicopter Rotor RPM Control 

A bibliography of previous work in this field is presented 
i 0 in Appendix B.  A study of these reports has indicated that a 

need exists for the establishment of basic theoretical criteria 
for the design of these controls, including a determination of 
whether some coupling with the helicopter attitude stabilization 
system is desirable. 

M-H Aero Report AD 5114-3-TR8 - 3 - 
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2.2     SURVEY TRIP 

In Interim Report AD 5143-TR1, Reference (1), are presented 
the results of a survey trip made to secure up-to-the-minute 
information on various aspects of helicopter automatic control 
problems.  Quoting from the Abstract of Reference (1), 

"Research personnel of the Aeronautical Division have 
completed a program of visits to a ^roup of facilities concerned 
with helicopter flight control and helicopter engine control. 
The purpose of these visits was to learn at first hand whether 
certain information was available at these facilities which 
could be utilized in the research study under Contract No. 
Nonr-929(00)—hereinafter referred to aa the subject contract 
or subject study.  The information desired included dynamic 
and static stability derivatives, steady state and transient 
engine characteristics, pilot opinions on and desires for 
helicopter handling and flying qualities, and suggestions as to 
the analytical methods which should be employed in the subject 
study.  This report is a compilation of the information re- 
ceived during the course of the several visits described herein." 

The reader is referred to the above report for further details. 

- 
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III  EQUATIONS OF HELICOPTER MOTION IN HOVERINQ 

Inasmuch us the review described in Section II had indi- 
cated that the theoretical equations for helicopter motion 
had not been previously derived as required for the present 
study, it was evidently necessary to provide such a develop- 
ment here.  This work has baen described in three previous 
Interim Reports, References (2)- (i+) .  The abstracts from these 
reports are reproduced below: 

A.  AD 51J4-3-TR2:  "A review is presented of the problem of 
the induced velocity at the rotor of a nominally-hovering heli- 
copter which is undergoing transient motion.  It has been 
suggested that the variation of induced velocity occurring 
during the disturbance experienced by the helicoptor may have 
a significant effect on the transient motion of the. helicopter. 
It is noted, however, that it has been almost universal practice 
tc ignore the effects of variations in the induced velocity 
in studying helicopter dynamics, because of the additional 
labor that would be required to evaluate and include theae 
effects.  It is concluded that the effort under Contract No. 
Nonr-929(0°) must of necessity be similarly limited, but it 
is suggested that the Office of Naval Research consider this 
problem as worthy of a separate research project for University 
research personnel, or the National Advisory Committee for 
Aeronautics." 

» 

B. AD 514-3-TR3:  "This report contains the development of the 
theoretical equation for the aerodynamic torque absorbed by a 

I helicopter rotor which is experiencing transient disturbances 
&» in RPM while the helicopter is hovering.  Inasmuch as the 

i dynamical equation for torque was found to include the effects 
of the siuiultar.-cus transients in blade coning angle and verti- 

_ cal velocity of the aircraft, it was necessary to derive auxil- 
iary equations defining these additional varieties, and these 
equations are also shown here. 

The system of equations derived in this report is required 
in the analytical study of controls for automatic regulation 
of helicopter rotor RPM." 

: 
C. AD 51/4J-TR7:     "This report  contains  the development  of  the 
theoretical equations defining  the motions of  a helicopter 
experiencing transient  disturbances from  steady-state  hovering. 

f Included in this  treatment  of helicopter motion is the   consider- 
j ation of  the  influence   of  simultaneous   transients  in rotor RPM. 
' The   helicopter   chosen for  this   study was  of  the   single  main 

rotor  type,   employing  a  tail  rotor  for torque   compensation. 
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On the basis of the linearized analysis, it was established 
that, while variations in rotor RPM do not couple directly 
with pitching and rolling motions, by virtue of the action of 
the tail rotor a secondary type of coupling was found to exist 
b^tfssn '.lie sfcrerf** ** f-'• «",'"*fi<i variabl ss »" 

While Report -TR7 has included in a more generalized way 
the material In Report -TRJ, the latter report provided ths 
equations on at least an approximate basis for an early attack 
on the rotor RPM control problem.  By thus postponing the 
consideration of autopilot-RPM coupling requirements, it was 
possible to gain considerable insight into this problem with 
a minimum of complication. 

The details of this phase of the study effort can be ob- 
tained from the aforementioned Interim Reports. 
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IV  DYNAMICS OF HELICOPTER ENGINES 

i+.l  TURBO-PROP ENGINE (SINGLE-SPOOL) 

The representation of the engine transfer function was 
determined largely from a study of the reports of the NACA 
dealing with this subject.  Of principal importance in this 
connection were References (5) and (6).  The theoretical tran- 
sient characteristics obtained from this examination as well 
as the experimental data (taken from Reference 7) used there- 
with have been presented in Interim Report -TR4 (Reference 8). 
As it finally was employed in the present analysis, the trans- 
fer function for the single-spool turbo prop engine was char- 
acterized by two cascaded, first-order time lags; the first was 
representative of the delay time between fuel valve actuation 
and energy availability, while the second was related to the 
inertia characteristics of ins retains system. 

- 

r 

k*2    RECIPROCATING ENGINE (SINGLE STAGE SUPERCHARGER) 

The study of piston engines requires first that dynamic 
equations of motion be derived for the purpose of analysis* or 
simulation.  The following is a discussion of the assumptions 
and decisions made in obtaining the resultant relationship 
between throttle change and rpm change. 

?• 
Inasmuch as tne determination of the piston engine dynami- 

cal characteristics (and the simulation thereof) is accomplished 
in a more amenable fashion by experimental rather than theoreti- 
cal moans, it was desired to survey the availability of such 
experimental data (Reference 1).  According to the  engine . 

f: ._ manufacturers, no data of the type sought were available.  It *g 
wa« therefore concluded that two courses of action were open: 
(1) obtain the engine dynar.ic equations mathematically, and 

* (2) set up an engine test program and obtain the equations 
experimentally.  Both courses were adopted and results thus 
far obtained are given below. 

Because the interest here in the piston engine concerns 
the dynamics between throttle input and RPM output, it was 
quickly determined that at least one lag would exist because of 
engine inertia.  Whether other lags exist was not immediately 
obvious.  The basic problem here was to determine the dynamic 
relationship between throttle and engine torque,since the lag 
mentioned above determines the dynamics between engine torque 
and RPM.  Taylor and Taylor, on page 155 of Reference (9), 
discuss the problem of delay in acceleration after throttle 
increase.  Apparently some of the additional fuel is not 
immediately vaporized, but rather flows slowly along the 
manifold walls, delaying tr- realization of the required torque 

1 
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associated with the throttle change.  Partial compensation 
for this phenomenon is generally obtained through »»$« of acceler- 
ating wells which add additional fuel during accelerations. 
During deceleration the excess fuel which is flowing along the 
walls causes temporary delay in reducing engine torque output, 
while this latter phenomenon is of little concern in most 
instances, for precise RPM control of B helicopter it would 
appear that some consideration should be given to thi3 de- 
celeration phenomenon.  Consequently, further knowledge on this 
subject was sought from various authoritative sources (References 
(lO-li^) which treat the general subject of engine testing, 
but no new material WHS derived. 

? 

| 

I | 
P  • 

Several reports on the control of piston engines are based 
on the assumption that no lag exists between throttle and torque; 
e.g., in a recent report (see Reference 15) the assumption is 
made that engine torque responds to throttle motion without 
lag.  On the other hand, other reports give the impression that 
additional lags are important; e.g., in Reference (l6) which 
discusses automobile engine acceleration tests run for the pur- 
pose of determining what additional fuel should be Injected 
during acceleration, a number of curves are presented from 
which it appears that a lag of l/(ls + 1) should be included in 
the analysis.  Reference (17) which contains a dynamic analysis 
of a turbo-supercharged engine discusses a lag chosen as l/(»5s • 
which represents the lag in changing the flow of fuel air 
mixture, and also a lag representing the time required for the 
gas to enter the engine and develop the associated torque. 
The only feasible means of determining whether such lags do 
indeed exist on the RI82O-84 engine (chosen as the vehicle 
for this study) is by engine acceleration tests.  AEL is equip- 
ped to run such tests and have scheduled same for early September, 
1953.  Because an RI82O-84 engine is not readily available, 
an R1820-74. which is available is being substituted.  Prom a 
dynamics standpoint the two engines are similar.  The engine 
tests will also include the dynamics of the supercharger which 
must be included in the present analysis,  inertia of main 
rotor, tail rotor, gear box, etc. will be simulated by appro- 
priate inertia on the engine shaft. 

With the above considerations in mind an equation expressing 
the dynamics of the engine was derived, assuming that the AEL 
test data would be available at some future date to supplement 
or modify the present analysis.  The development of this equation 
follows. 

• 

1) 
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The basic equation expressing the acceleration of the 
rotor and engine system is 

AQ, 

wh»» r«fi 

A$e--^  = Ir^.AfL (1) 

] 

i 
r 
i 

; 
.1. 

^rar 
Ail 

change in engine torque output 
chunge in rotor load torque 
total moment of inertia 
change in engine RPM 
engine to rotor gear reduction 

The moment of inertia -Z~T»7:    IS composed of IR, I , and I , 
the moments of inertia uf the rotor, the engine,, and the com- 
pressor, respectlvely„ 

Now  7"— - Ie * -Mr +     £ 

where R^ and R2 are gear reductions between engine and rotor, 
and engine and compressor, respectively- 

^Q^ is determined as a function of those variables 
having a bearing on the aerodynamic load of the rotor, whlie^lQe 
is expressed as a function of manifold pressure change and engine 
RPM change, as given normally by performance curves,  The 
latter relationship can be written as: 

dfi* a. an \% 
Writing J>£k\   -A, and 2>Q£ 

30. fU 
= 43 there results 

(2) 

Referring now to Figure 1, the following equations may be 
written: 

APM -8,AP, ^3±AQ- (3) 

where 

dnyi - change  in manifold pressure, 
APi.  = change   in compressor  inlet  pressure, 
6      - ^L\ 

and B*  m. b&s. ! 
da I 
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AH ~e,AWg + &ATh 
where 

and   C: 

AVV4 - change   in air mass flow, 
A Th   - change   in  throttle  angle, 

n _   bfi   1 
U/ '     bWa   \Th ? 

>77l 

where 
4, AM 

2   6Q 

Q 

A, 

U) 

(5) 

In equation (5) it is assumed that changes in engine back 
pressure will be negligible.  Other assumptions and approxi- 
mations involved in equations (3) to (5) inclusive are similar 
to those of the analysis given in Reference (17)• 

Combining equations (1) to (5) inclusive results in 
the simulation equation for the engino.  Thus, 

£, AQ +£zATh - AQAJ= T^r AC! 
where  £„   ^>/^4^   Aa(^03my-&i^) 

<3Md   £"2. 46. C*. 
/-£,&,&, 

Rewriting and including the Laplacian operator results in: 

; 

where     f ^.   Ir*>r. 

£, 
Ar, - e^t , 

/I 
fs +/ AQA (6) 

and    /tl e.e, 
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The additional lags* relating throttle change to engine 
torque change as developed in Reference (17) may be incorpor- 
ated resulting in: 

: 

r 

i 

(7) 

It is expected that the AEL tests will demonstrate that C, 
and ~fi     will vary with operating condition and will also have 
different values for acceleration and deceleration.  These 
variations will be taken into account in the simulation as the 
data become available. 

r 
I 

r 

! 

ct  represents the   time  required for the   change  in  fuel-air 
flow  to enter the   engine,  be compressed,   ignited and expelled, 
and   is  taken in Reference   (17)   to be  O.Oi^l+u. sec.     T7    repre- 
sents  the  lag in changing  the  quantity  of  fuel-air mixture 
and  is taken to  be  0-5  sec.   after Reference   (17) • 

i 
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COHTBOL OP ROTOR  RPM  IN  HOVERING 
(TURBO-PROP ENGINE! 

r 

] 

J 

I 

I 

I 

! 

I 

[ 

5.1  ROOT LOCUS STUDY 

On the baala of the approximate relationships for helicopter 
motion in Reference (3) and the engine transient characteristics 
in Reference (8), an analytical study of rotor RPM automatic 
control (presuming no coupling with or from the attitude con- 
trol system) was undertaken.  This has been described in 
Interim Report AD 5143-TR5 (Reference 18), wherein the Abstract 
stated, "This report presents the results of a preliminary 
analytical study of the RPM and temperature control of a hell- 
copter turboprop engine and rotor combination.  The system 
considered is spoken of as being one in which RPM is controlled 
by the manipulated variable fuel flow, and temperature is con- 
trolled by the manipulated variable collective pitch.  The follow- 
ing three simple configurations were investigated using root 
locus procedures: 

1) Integral control in the RPM 
proportional control in the 
loop. 

2) Proportional control in the 
and integral control In the 
loop. 

feedback loop and 
temperature feedback 

RPM feedback loop 
temperature feedback 

3)  Integral control in the RPM feedback loop and rate 
control In the temperature feedback loop. 

The conclusion reached is that the third configuration 
listed holds the greatest promise of satisfactory dynamic 
response of RPM.n For further particulars the Interim Report 
should be consulted. 

5.2  REAC STUDY 

The   use  of  the   analog  computer* greatly facilitates  the 
study when  it  is  desired to explore   the performance  of  a great 
variety  of configurations   of  closed-loop control   systems. 
This   approach was  employed  in the  present research program, 
as  described in Interim Report AD 5ln3-TRii  (Reference  8) . 
The  Abstract   in  that document  stated,   "This  report  contains 
a presentation of   the  results  of an analog   (REAC)   computer 
study  of the   automatic  control  of rotor  RPM of  a  single-spool 

* 
See also Section VI-B on the question of computer accuracy. 
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CONTROL OF ROTOR R?M IN HOVERING 
(T'JRBO-PROP ENGINE) 

•I: 

5.1 ROOT LOCUS STUDY 

On the basis of the approximate relationships for helicopter 
motion in Reference (3) and the engine transient characteristics 
in Reference (8), an analytical study of rotor RPM automatic 
control (presuming no coupling with or from the attitude con- 
trol system) was undertaken-  This has been described in 
Interim Report AD 5143-TR5 (Reference 18), wherein the Abstract 
stated, "This report presents the results of a preliminary 
analytical study of the RPM and temperature control of a heli- 
copter turboprop engine and rotor combinationc  The system 
considered is spoken of as being one in which RPM is controlled 
by the manipulated variable fuel flow, and temperature is con- 
trolled by the manipulated variable collective pitch.  The follow- 
ing three simple configurations were Investigated uuing root 
locus procedures: 

1) 

2) 

Integral control in the RPM 
proportional control in the 
loop. 

Proportional 
and integral 
loop. 

control In the 
control in the 

feedback loop end 
temperature feedback 

RPM feedback loop 
temperature feedback 

3)  Integral control in the RPM feedback loop and rate 
control In the temperature feedback loop. 

The conclusion reached is that the third configuration 
listed holds the greatest promise of satisfactory dynamic 
response of RPM." For further particulars the Interim Report 
should be consulted. 

i 
I 

1 

5.2 REAC STUDY 

The   use  of  the  analog computer""" greatly facilitates  the 
study when it is desired to explore   the performance  of  a great 
variety of configurations of  closed-loop control aystams. 
This   approach was  employed in the  present research program, 
as  described in Interim Report AD 5143-TR1+  (Reference  o) . 
The Abstract  in that document  stated,   "This  report  contains 
a presentation of  the results  of an analog  (REAC)  computer 
study of the  automatic control  of rotor RPM of a single-spool 

See  also Section  VI-B on the  question of  computer  accuracy. 
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turbo-prop engine.     The  equations   involved in  the  REAC  simulation 
are  included,   as  well as  extended discussion of  the   simulation 
and associated research.     Results  presented  include actual 
REAC  runs,   and  a tabulation  showing a  comparison of manual 
control   of rotor RPM with  the  performance  of various automatic 
controls  governing  rotor  RPM.     The   study also  includes  consider- 
ation  of  the  influence  of  various  automatic  RPM control  con- 
figurations on vertical maneuverability  of   the  helicopter." 

One of the   special  features  of   this  phase  of  the  study 
was  the  development  of  the   device   "Steady  Eddie"  for  US6   in 
conjunction with the  REAC.     By means  of this  equipment  it was 
possible  to pursue   several  by-product   inquiries  of  importance 
to  the  subject  of  automatic  control  of  rotor  RPM,   including 
the  one   stated at   the   end  of  the  above  Abstract.     The   description 
of  "Steady-Eddie"  is  presented  in Interim Report  AD 5143-TRO 
(Reference  19)• 

ii. 
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J VI     WORK   IN   PROGRESS 

I 

I 

! 

6.1 EQUATIONS OP MOTION IN FORWARD FLIGHT 

While the hovering regime represents an important mode 
for automatic controls operation, especially for ASW-type of 
duty, it is clearly evident that the criteria for design must 
also be based on requirements imposed by the forward flight 
regime.  To provide the necessary helicopter transfer functions 
for controls analyses, an effort is underway to develop the 
equations of motion in forward flight with rotor RPM degree of 
freedom. 

To date the above development has progressed to the point 
of the derivation of the transients in blade coning and in tip 
path plane inclination, where the helicopter C.G. is constrained 
to motions in tne longitudinal plane only.  Reproducing this 
work in detail here does not appear to be warranted, but it 
is of interest to report the fact that rotor RPM variations 
proved to be coupling factors in the blade motion equations, 
along with transients in helicopter C.G. movement.  The effect 
of the coupling has as yet not been determined. 

6.2 COMPLETE CLOSED-LOOP  CONTROL  STUDY 

In the initial helicopter control study which will consider 
the hovering regime of flight, there will be five controlled 
variables: 

i.    a 

2. 

3. 

5. 

OCy 

oc, 

= Speed of the engine (and thus speed of 
both the main and tail rotor since both 
are geared to the engine with a given, 
fixed gear ratio. 

= Longitudinal pitch of the helicopter 
about the y axis. 

= Roll angle of the helicopter about the 
x axis. 

= heading angle or yaw of the helicopter 
about the z axis. 

= Helicopter altitude or movement in the 
z direction. 

The objective will be to study the responses obtained by 
various control configurations by REAC and analytical means, 
and to determine the dynamical characteristics from the absolute 
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If the components   in  the  control  loop are taken in the  order 
of  the   information flow  the  five  controlled variables must  first 
be  measured.     It  is   these measured quantities  that  are  controlled, 
Therefore,   there  should be minimum lags   in  the  sensing units, 
since  it  is   desirable   that  their  outputs be   as  representative  of 
the  actual  physical   inputs as  possible. 

Speed Control: If  it   Is desired  to  regulate  speed using 
proportional and   Integral  control  alone,   the  Woodward Governor 
is a compact  Instrument that  combines  both the  measuring and 
regulating functions  in one  component.     The  transfer  function 
for this   unit   is  usually represented by  the   integral  and  pro- 
portional  operations  plus  a  single  order  lag with a  time  con- 
stant  of about 0.03  sec. 

In some  applicat* jns  it  Is  desirable  to have  controls  such 
as proportional,   Integral,  and/or rate  operate  on the  speed 
error  In the forward loop.     Thewi e  D.C«   tachometer   (which needs 
a filter)   performs  the  speed-sensing  function,  and^D.C.   network 
utilizes  its  output   to  secure  the control  oonfiguration. 

If output  speed  control   is desired,   components  such as 
accelerometers,   A.C.   tachometers and/or integral devices can 
be placed in the   feedback path.     It  is  also common practice to 
use  a combination of  speed error and  output  speed control,   and 
the   desirability of  each method depends  upon  the   plant  transfer 
function,   and  the  point  of application  of   the  load  disturbances. 

Roll and  Pitch Control: It  is  conventional   to  sense 
roll   and pitch displacement with  one   vertical  gyro.     This  has 
negligible  dynamics,   since  its  rotor   is   fixed in  space,   and the 
displacement function may be considered Instantaneous. 

The  customary method  of  securing rate  is  by the   use of 
rate gyros — one for each axis controlled.     The  singlo-degree- 
of freedom,  viscous-damped rate  gyros  are  thought  unnecessarily 
accurate  and costly for helicopter  applications.     Their thres- 
hold is needlessly low—0.003 deg/sec  to 0.0006 deg/sec  --  and 
they require extra equipment   such as  amplifiers,   etc.     Damped 
rate  gyros «re   under  development  that have  a variable  frequency 
and damping ratio range.     These  will   be   simulated on the  REAC 
and  the   characteristics  of  the  gyro   simulation varied to  secure 
optimum response. 
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It is planned that consideration will also be given to 
controlling pitch end roll disturbances by means other than the 
use of the position gyro in the fuselage.  Nothing concrete 
has been established yet in this regard. 

Heading Control:    Although complete Information on the 
study helicopter has not as yet been received, it is moat 
probable that the helicopter will be completely instrumented 
and therefore be equipped with a Gyro Magnetic Compass.  In 
this unit a magnetic compass aligns a position gyro to magnetic 
north and puts out a synchro signal.  It is only necessary then 
to supply a compass coupler, which is essentially a follow-up 
motor that drives a potentiometer in response to the synchro 
signal.  The important dynamics of this system are in the compass 
coupler, and a representative simulation would be a second 
order system with a natural frequency of about 3.2 CPS at a 
damping ratio of about 0.7.  If yaw rate is desired a rate 
gyro or network must be used. 

Altitude Control:    The present preliminary thinking on 
altitude sensing is along the lines of using a radio altimeter 
or the sonar cable.  Except for cable dynamic lags due to wind 
loads in the latter, both means of sensing can be thought of as 
being instantaneous.  Pressure sensing altitude controllers 
might cause trouble because of the difficulty in securing an 
accurate static pressure source due to the rotor downwash. 

*. 

* 

- 

! i 
I 
! 

! 

Regulation:    The first plan is to perform the regulating 
functions in the following ways: 

1) Engine speed is to be regulated by a servo motor 
attached to the throttle lever or carburetor 
butterfly valve governing throttle position (Th). 

2) Longitudinal pitch will be regulated by a servo 
motor to cyclic pitch ( &y    ). 

3) Helicopter roll will be regulated by a servo 
motor to cyclic pitch ( &x    ). 

k)     Heading will be regulated by a servo motor attached 
to the lever controlling tall rotor blade pitch (^» ). 

5)  Altitude will be controlled by a servo motor 
regulating main rotor collective pitch ( ^> ). 

The underlined quantities in the above are, therefore, 
the manipulated variables. 

When both engine speed and helicopter altitude are sub- 
ject to automatic control, it is presently felt to be more 
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desirable to control engine speed with throttle and altitude 
with collective pitch (as above), than the alternate method 
of controlling engine speed with collective pitch and altitude 
with throttle .  Collective pitches usually thought of as a 
primary control (power required) while engine speed is controlled 
by the throttle setting (power available) that is dictated by 
the load requirements of the rotor.  (See also Reference (15) 
for further discussion.) 

During the course of the controls analyses, consideration 
will also be given to cross-coupling in the feedback paths. 

The most recent trend in helicopter autopilots is toward 
the differential system , thus eliminating the formation stick 
that is permissable in the conventional airplane.  In the differ- 
ential system the pilot controls do not move when the autopilot 
is operating, and when on autopilot, the helicopter can be 
controlled from the cockpit in the normal manner.  Since the 
S-56AS thought to have a hydraulic boost control, a differential 
hydraulic servo will be considered first in the control simula- 
tion.  Test results show that even for small changes in maxi- 
mum amplitude the frequency response varies widely, and the 
unit is therefore quite different from a simple linear system. 
Further, the amplifier used has a marked effect on the servo 
response.  Because of these complications, for simulation 
purposes, a simple first-rorder lag of 5 cps at I4.5 degrees will 
be taken to represent the servo units.  This specification is 
far beyond the frequency of any helicopter motor that will be 
encountered. 

Functional Dependency;    The most direct way of stating 
the functional dependency between the variables is to list the 
effects of a change in the manipulated variables on the depen- 
dent variables before the control corrections take plaoe. 
This is done in the following paragraphs for each controlled 
variable. 

I.  Engine speed (/2) as a controlled variable. -+A 7~/l 
( throttle) will affect the following: 

1.  speed of the main and tail rotor. 
2« at* (y-w) since tail rotor thrust will increase. 
3.  z (altitude) since main rotor thrust will increase. 

•» Aj..  y (side displacement) since tail rotor thrust 
will Increase. 

* 5* <X-x    (roll) since tail rotor thrust will increase. 

"*" See Section VII for further reference to the S-58 helicopter 
(also referred to as the XHSS-1) . 
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II.    Longitudinal  Pitch  ( ocY )  as a controlled variable. 
+   AOy        w111  affect   the  following: 

1. x  (forward displacement)   since main rotor thrust 
is  inclined. 

2. <s<.\-    (pitch)   since  a pitching moment  is produced 
by the main rotor thrust  component. 

•n    3«    &C-*.   (r°H)   because  of  coupling  in main rotor. 

Ill-     Roll angle   (0<-x )   as  a controlled variable.   +A&K 
will affect  the  following: 

1. y   (side displacement)   since main rotor  thrust 
is   Inclined. 

2. **-x   (roll)   since  a rolling moment   Is pro- 
duced by  the main rotor   thrust component. 

* 3*    dCy  (pitch)  because  of coupling  in main rotor* 

IV.    Yaw Angle   (  OC^ )  as  a controlled  variable,   ^-^at 
will  affect  the   following: 

1.     &t  (yaw)   since  tail   rotor  thrust  will   increase. 
* 2.     y   (side  displacement)   since  tail rotor  thrust 

will  increase. 
3. z   (altitude)   since  load  on engine   is  increased. 

* k*     -H.      (engine   speed)   since load on engine is 
increased. 

* 5»     OCx  (roll)   since   tall  rotor   thrust causes  rolling 
moment. 

V.    Altitude   (z)   as  a controlled variable.       •+A & will 
affect  the following: 

1. t   (altitude)   since  thrust  of main rotor  increases 
2. STL    (engine   speed)   since load on main rotor 

Increases. 
3. O-Tt    (yaw)   since  engine   speed changes  and  thus 

also  tail rotor thrust. 
4. y  (side displacement)   since  tail rotor  thruai 

changes. 
5*    CK.yL    (roll)   since  tall  rotor   thrust changes. 

The   effect of   the   independent variables  on those  dependent 
variables marked  (*)   are  small  and possibly negligible  at 
least for analytical  calculations. 

The   above  dependency can be  summarized  to  produce  the more 
convenient block diagram shown in Figure 2.     This   gives  an 
overall picture  of   the  problem in its most  complete form,   and 
is  substantially the   system that  will be placed on the   REAC. 
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There are 10 equations of dynamics Involved (the six 
degrees of freedom of a body In space, three rotor flapping 
equations and an engine equation), and as the block diagram 
shows, for analytical work these 10 must be solved 16 tiir.es 
to produce the indicated transfer functions.  K^yGny, Kl8^l8» 
K19^19* K20G20> an<^ ^21^21 are *«he 5 control blocks and" 
symbolically are thought of as containing the transfer functions 
of the sensing, regulating and control units. 

Every effort will be made to simplify the analytical 
treatment wherever engineering judgment indicates such simpli- 
fication to be feasible. 

' 

Use of the Analog Computer:    There has recently been 
some discussion in regard to the possible inadequacy of the 
REAC as a means of simulating a helicopter control problem. 
(See for example, Reference 21.)  The point raised seems 
to be that because of the widely different frequencies of the 
helicopter motion and rotor motion, difficulty will be encoun- 
tered in that the analog computer dynamics will obscure the 
high speed rotor dynamic?; and that if the time scale is ad- 
justed to avoid this difficulty, computer drift and long solu- 
tion times are limiting factors.  It is the purpose in what 
follows to indicate that in all probability computer dynamics 
do not affect the helicopter simulation, and thus the time 
scale need not be changed. 

It is recognized here that the electronic differential 
analyzers utilize elements that unavoidably introduce errors 
in the simulation.  Reference (22)   states that in certain 
extreme cases an error of 1 percent can be produced by an 
adding unit having a bandwidth two thousand times the highest 
frequency present in the simulation.  This order of magnitude is 
within the accuracy of any helicopter characteristics used in 
the simulation  Reference (22)   also states that these errors 
are most important for simulations having characteristic roots 
lying near the imaginary axis. 

A simulation of the stabilized helicopter with rotor dynamics 
included, results in roots of the following three general classes: 

1. Low frequency poles (less than 2  rad/sec) 
and of damping greater than 0.6. 

2. Moderately high frequency, moderately damped 
blade-motion poles. 

3. A high frequency (35 rad/sec), low damped 
(DR = -2) blade-flapping-motion complex pair, 
together with a set of complex zeros in the 
same position on the right hand plane* 
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The  most difficult   task  for  the   computer   then la the   simulation 
of  the  high  frequency pair near  the   Imaginary axis. 

As  is  well known,   high frequency poles  have  a negligible 
effect  on the  shape of  a response  determined  by low frequency 
roots.     However,   they do have   a marked  effect  on the   response 
magnitude.     In  the helicopter   simulation  the  complex  zeros 
in  the  right  hand  plane  nullify  even  the   effect  the  high 
froqu'-ncy complex  pair would nave  on the   gain if  they existed 
alone.     It  therefore   seems  logical  to  conclude  that   the 
simulation errors   (if  they exist)   are  unimportant,   since   the 
error-sensitive,   high-frequency poles  themselves  are  unimportant. 

It  is  important to realize  that   the  above  statement  should 
not   be   interpreted to mean that   the   rotor  dynamics  themselves 
can  be  disregarded.     It  i3  suggested  that   only  the  high frequency, 
low  damped pole-zero pairs  that make  up  a portion of  the  response 
can be  neglected.     If  any appreciable errors  occur  in  the   REAC 
simulation,  the major  portion is   in   these  unimportant roots. 

In order  to  further   substantiate  the  validity of  the  REAC 
simulation the  following  simple   test  was  conducted on the   REAC: 

1.     A step function input  was   introduced  into  the 
transfer  function. 

n 

l^ + dXiXbtz +34] • [s* + a)f-<rc*X3iss) s .^ss)*.] 

This contains a pair of high frequency low 
damped poles simulating two of the blade motion 
roots, and a low frequency, moderately damped 
complex pair simulating the helicopter motion. 
The result was recorded at a paper speed of 
25 mm/sec, and reproduced in Figure 3. 

2.  The time scale of the above simulation was 
then reduced by a factor of ten (thus reducing 
the frequencies by a factor of ten), and the 
response to a step function recorded at a paper 
speed of 2.5 mm/sec.  This is reproduced in 
Figure k» 

It is immediately apparent from a comparison of the two figures 
that they are identical.  It seems logical to assume that if 
any simulation errors existed in Figure 3, they would be re- 
duced by a factor of 10 in Figure I4..  The automatic amplifier 
balance feature of the REAC seems to stabilize the results 
even at the low paper speed. 
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The analytical solution of the response for the magnitude 
of step input chosen is 

y*- z,47 - c*zt(zsz St* *<^7t +e.<szoos 4z?t) 
-7f/ 

V C        (. G3/* Jl'/t 32&T 

+ .07&S  CAS 32.St) 

It can be seen from a comparison of the coefficients of sin 
and cos terms why the high frequency motion does not affect 
the total response shape.  The time to first reach the final 
value calculated from the low frequency poles is 0.52 sec. 
This checks both Figure 3 and Figure 2+.  The percent overshoot 
determined from calculations on the low frequency poles is ij..6 
percent which is, within the degree of reading accuracy, what 
Figure 3 and Figure I4. indicate. 

V 

11! 
11! 

i: 
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VII     PROPOSED  PHASE II   PROGRAM 

In  Phase  II  of   this  research project,   as  has been indi- 
cated   In previous  sections,   the  effort  will   be  directed  toward 
the   development  of  design criteria for  automatic  controls 
of ASW-type  helicopters,   as exemplified    by  the   XHSS-1.     The 
program ha3  been outlined  in  some  detail   in Reference   'v20), 
and   it  essentially tends  to  limit  the  scope   of activity in  a 
manner which is  most   apt  to produce  tangible results for the 
type  of helicopter  configuration indicated above. 

Initial  concern under  the 
with   the   following: 

continuation program will be 

A»     Determination  of  the  analytical processes  to 
be employed  in the automatic  control   system 
investigation which can proceed with the receipt 
of various  data on  the  XHSS-1 helicopter; 

B. Completion  of   the  development   of  the  forward 
flight  equations   of  motion; 

C. Analysis of  the  data secured by AEL on reci- 
procating engine   transient  behavior. 
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VIII  SUMMARY 

• 

I 

k' 

[ 

t 

In Phase I of the study of automatic control systems for 
helicopters, the principal accomplishments were related to 
laying the foundations for servo analysis.  These foundations 
include (a) the development of the equations of motion for 
hovering and for forward-flight, (b) the development of the 
equations for the transient characteristics of turbo-prop 
and reciprocating engines, and (c) the determination of the 
dynamics of various elements of the closed-loop systems to 
be analyzed.  While some work remains to be done in connection 
with the above, it will be possible to undertake the controls 
study with the receipt of the numerical data on the XHSS-1 
helicopter which has been chosen as the research vehicle for 
the present project. 

The study of the automatic control of rotor RPM for the 
case of the turbo-prop engine has been partially completed. 
It was found that from the standpoint of minimum complexity 
the use of a control involving only proportional and integral 
feedbacks would be advisable; but to gain maximum tightness of 
control, rate feedback should be added. 

In Phase II of this researoh program, the principal effort 
will consist in the main of servo analyse« *in'e<1 «t- determin- 
ation of the control system design criteria for the ASW-type 
helicopter. Additional study will also be given to the develop- 
ment of the forward flight equations motion with RPM degree of 
freedom and to other basic material needed for extension of 
the controls analyses to Include all of the primary modes of 
helicopter operation. 

1 
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22.     Cobey, William E.:  Stability Concepts.  Prewitt Aircraft 

I Company, Report Number 26-98-1.  11* January 191*9. Restricted. 
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23.  Nickerson, Congdon, Masur, and others:  Limited Tests Proje 
TED No. PTR AC-1*03 Conducted on Model "038-1 Helicopter. 
Naval Air Test Center, Plight T«st Division PT36-125* 
28 October 191*9. 
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1. Britland, C, K., and Pall, R. A.:  Preliminary Measurement* 
of the Aerodynamic Damping In Pitch of a 12 foot diameter 
Helicopter Rotor.  British A.R.C. Current Paper.Ho. 22, 
TN Aero 201*9.  May 1950. 

2. Amer, K. B.: Theory of Helicopter Damping in Pitch or Roll 
and a Comparison of Plight Measurements. Written:  15 May 
1950.  NACA TH 2136. 

3*  Carpenter* P. J., and Paulnock, R. S.:  Hovering and Low- 
Speed Performance and Control Characteristics of an Aero- 
dynamic Servocontrolled Helicopter Rotor System as 
Determined on the Langley Helicopter Tower.  NACA TN 2086. 
May 1950. 

k»     Cannon and Niehaus:  Practical Instrument Plying in the 
Helicopter.  Aeronautical Engineering Review, p. 22. 
June 1950. 

5* Smith, C, C: Statio Directional Stability of a Tandem- 
Helicopter Fuselage.  NACA RM L50P29.  9 August 1950. 

6. Oessow and Amer: An Explanation of Some Important Stability 
Parameters that Influence Helicopter Plying Qualities. 
Aeronautical Engineering Review, p. 28. August 1950. 

7. Bureau of Aeronautics: Bureau of Aeronautics Specifica- 
tion for the Aerodynamic, Structural, and Power-Plant 
Requirements for Helicopters.  Bureau of Aeronautics, 
NAVAER SR-189.  1 August 1950.  Restricted. 

8. Hohenemser, K.: A Type of Lifting Rotor with Inherent 
Stability.  Journal of Aero. Sci. September 1950. 

9. Pay, Capt. J. S.: Some Present and Future Aspects of 
Helicopter Piloting. Written: 25 November 1950. American 
Helicopter.  June and July 1951* 

10. Bennett, J. A. J., and Liptrot, Capt. R. N.: A Bibliography 
of Rotating Wing Aircraft.  Journal of the Hel. Assoe. of 
0.   B.,  v.   U,   no.   3,   1950,   pp.   118-133. 

11. 0'Hara, P.:    Plight Testing of Helicopters.     Journal of 
Hel.  Assoc.  of 0.  B.     Presented:    25 March 1950. 

12. Diamond,  Biro,   and Carnese:    Plight Test and Development 
Program, XHJP-1 Helicopter,  weekly Summary Report lo-T-Olj.. 
Plaseekl Helicopter Corporation,  II4. April 1950*    Confidential. 
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13>  Diamond, Biro, and Carneae;  Plight Test and Development 
Programs, XEJP-1 Helicopter, Weekly Summary Report lo-T-05. 
Piaseckl Helicopter Corporation.  20 April 1950. 
Confidential, 
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2k. 

Diamond-   Biro,   and Carnese?    Flight  Test and Development 
Program,  XHJP-1 Helicopter,   Weekly Summary Report lB-T-07. 
Piaseckl Helicopter  Corporation.     1; May 1950.     Confidential. 

Diamond»   Biro,   and Carnese:     Flight  Test and Development 
Program,  XHJP-1 Helicopter*  Weekly Summary Report  lo-T-08. 
Piaseckl Helicopter Corporation.     19 May 1950.     Confidential. 

Diamond,   Biro,   and Carnese:    Flight Test and Development 
Program*   XHJP-1  Helicopter,  Weekly Summary Report lo-T-10. 
Piaseckl Helicopter Corporation.     19 May 1950.     Confidential. 

Diamond,  Biro,   and Carnese:    Flight  Test  and Development 
Program,   XHJP-1 Helicopter,  Weekly Summary Report lo-T-13. 
Piaseckl Helicopter Corporation.     1 June  1950.     Confidential. 

Diamond and Zienkor:    Flight  Test Program - Model HUP-1 
Bunc.   12I4.588 - Weekly Summary Report No.   1,  Report Mo. 
18-T-37-     Piaseckl Helicopter Corporation.     5 September 
1950.     Confidential. 

Ritchey,  Wallace M.,   Jr.:     Stability and Control Tests  of 
the XH-9B Helicopter.     Air Materiel  Command.     1 March 1950. 
Restricted. 

Sissingh,   0.   J.:     The Frequency  Response of  the Ordinary 
Rotor Blade,   the  Hiller Servo Blade,   and  the   Young-Bell 
Stabilizer,     British R.A.B.   Report No.  Aero 2367.   May 1950. 

Stewart, W.:     Helicopter Control  to Trim in Forward Flight. 
British R.A.S.   Report No.  Aero  2358.     March 1950,   Restricted. 

Torry,   Congdon,   Mezur,   and DeLalio:     Evaluation of Stability 
and Control  Characteristics  of  Model  HRP-1  Helicopter Bu. 
No.   111809 with Stabilizer Device.     Naval  Air Test Center 
Report FT36-220.     26 December 1950.    Restricted. 

Arnold and Ooland:    Helicopter Dynamic Stability and Control 
Studies.     Part I - Longitudinal Stability and Control is 
Hovering and Forward Flight Including  the Effects  of  Blade 
Flexibility.     Cornell Aero Lab.,   Report No.   BB-I4.37-3-I. 
29 September 1950. 

Biro and Carnese: Weekly Summary Report #9 
and Development Program, XJHP-1 Helicopter. 
Helicopter Corporation, Report No. 18-T-I3. 
Confidential. 

Flight Test 
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25»  Read and Hohener.eer:  Detailed Final Report of Research on 
| High Speed Rotary-Fixed Wing Aircraft*  Volume III - The 

Calculated Dynamic Response of ? Rotor in Hovering and at 
High Tip Speed Ratios.  McDonnell Aircraft Corporation,, 
Report No. 1762.  3 August 1950.  Confidential. 

26. Miller, R. H.: Suggestion for a Simplified Approach to the 
Helicoptar Control Problem. Sixth Helicopter Forump Phila- 
delphia c  1950. 

27. Head and Hohenemser:  Detailed Final Report of Research on 
High Speed Rotary-Fixed Wing Aircraft.  Volume V - Sample 
Aircraft Stability and Coi.trol Report.  McDonnell Aircraft 
Corporation, Report No. 1967-A.  20 December 1950. 
Confidential. 

28. Vaccarop J.f   Jr.:  Development of Two Types of a Combined 
Fuselage and Swash Plate Attitude Indicators for Helicopters. 
U. S. Naval Air Material Center.  April 1950. 

129.  Gould, Arthur:  Transient Responses of an H-13 Helicopter 
to Longitudinal Stick Pulses as Measured in Flight.  Cornell 
Aero Laboratories. Inc. Report Number TB~6ljl-F-i. 
15 November 1950. 

30.  Brotherhood. P.:  Comparison Between the Measured and 
Estimated Lateral and Longitudinal Characteristics of a 
Single Rotor Helicopter.  British R. A. 5. Report No. 
Aero 2396.  September 1950. .Restricted, 

31.  Daunais, Rita M.:  Stability and Control Characteristics of 
1 the Kaman Servo-Control Hal iconter-Part III.  Kaman Aircraft 
«- Corporation,  Report No. 9980, k  December 1950. 

32.  Raesler, J. L.:  Stability and Control Characteristics of 
the Kaman Servo-Control Helicopter-P»rt I.  Kaman Aircraft 
Corporation,, Report No. 9980e  15 February 1950. 

33^  Raesler, J. L.:  Stability and Control Characteristics of 
*- the Kaman Servo-Control Helicopter-Part II.  Kaman Aircraft 

Corporation, Report No. 9980.  31 May 1950. 

3I4.  Bensen, Igor B.:  Biased Cyclic Control for H-5 Helicopter. 
General ITectric, Report No= R50OL17J4..  25 October 1950. 
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1. DeVore, 0.:  A D5scuaaion of CilA Policies,, Plight Tost 
Procedures and Civil Air Regulations for Helicopters. 

' Proceedings of the Seventh Annual Forum, A.H..S.  1951. 

2. Mazur, J. W.:  Demonstration of Helicopters for the U.S. 
1. Navy.  Proceedings of the Seventh Annual Forum, A.H.S. 

1951. 

3. Inter Avla:  Automatic Control for Helicopters.  Inter 
Avia, v. 6, no. 3, 1951* p. 1U-7. 
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{4..     Wilkinson,   D.   A.:     The  Performance of a Single Rotor 
Helicopter Following Power Cut Ihilat Hovering.    Flight 
Teats with  a Hoverfly I Near the Ground.     Brltiah A.A.B.B. 
Res.   259.     Date of Teats:   October 1950-January 1951. 

[ 

E 
5. Gustafaon, F. B.:  Desirable Longitudinal Flying Qualities 
(for Helicopters and Moans to Achieve Them.  Written: 

1 February 1950.  Aero Engineering Review, p. 27. June 1951- 

6. Coleman, Frank:  Automatic Pilots for Helicopters.  American 
Helicopter, p. 11.  February 1951. 

7. Amer, K. B., and Ouatafaon, F. B.:  Charts for Estimation of 
I Longitudinal Stability Derivatives for a Helicopter Rotor 

in Forward Flight.  NACA TN 2309.  March 1951. 

8. Rowe, N. B.:  Helicopters Applied to Local Air Service 
Operation - Brltiah Experience and Requirements.  S.A.B. 
National Aeronautical Meeting.  S.A.B. Preprint No. 6l5» 
April 19$L ', 
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9*  Meyer*, D. N,., Vanderlip, B. 0. s  and Halpert, P.:  A j 
Tested Solution of the Problem of Helicopter Stability and 
Automatic Control.  Aero Engineering Review p. 27°  July 
1951. 

10. Stewart, W., and Burle, M. P.:  Helicopter Rotor Behavior 
after Engine Failure in Forward Flight.  British R.A.E. TN 
Aero 2119. August 1951. 

11. Bramwell, A.R.S., and Slaaingh, 0. J.:  General Handling 
end Stability Teats on a Helicopter with a Stabilising 
Bar (Bell I4.7D).  Brltiah R A.E. Report No. 214.314..  Auguat 
1951. 

12. Slaaingh, 0. J.G Comparison of Helicopter Rotor Model 
Teats of Aerodynamic Damping with Theoretical Batimatea. 
British R.A.E. TN Aero 2113.  Auguat 1951. 
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13.     Reeder,   J.   P.,   Whitten,   J,.   B.:     Some  Effects of  Varying the 
Da.nplng  In Pitch and  Roll  on  the Plying Qualities  of  a Small 
Single-Rotor Helicopter.     NACA TN  2k59.     Written: 
<dt> September 1951. 

Ik.     Aroer,   K     B, :     Some Flying Qualities  Studies  of  a   Tandem 
Helicopter,,     NACA RM L5lH20a.     10 October 1951. 

15»     Yates,   A.   H.:     Dynamic Stability of  the  Helicopter:     The 
Equations  of Motion.     British A.R.C.   Current Paper Mo.   k?. 
1  November 1951. 

16.     Aviation Week:     Blind Helicopter Plying Techniques.     Aviation 
Week;   p.   7k«     5  November 1951. 

17*     Reeder,   J    P.:     Helicopter Plight Research at NACA,  Langley. 
Pairchild Pund Paper No.  AES-1.     December 1951. 

Nikolsky,  A.  A.:     Helicopter Analysis.     John Wiley  and  Sons, 
Inc.,   New York.     193T7 

19. Bntwistle,  P.   I.i     H0kS-l Helicopter Operations  in the 
• *- Conduct of Helicopter/Dipping Sonar Tests.     Commander Opera- 

tional Development Porce   (0p/V109/S68).     16 October 1951. 
r Confidential. 

20. Hohenemser and Doblhoff:     Summary of Pinal  Report of Research 
.- on High-Speed Rotary-Pixed Wing Aircraft,  Report No.   2003. 

McDonnell  Aircraft Corporation.     20 January 1951.     Confidential 
*- 

21. McDonald:     Handling Tests with Powered Controls.    Westland 
{Sikorsky MK.   1A.     A.A.E.E.  Report No.   880  (Part I).   Ik June 

1951. 

22. Seckel,  E.:     Comparison Between the Longitudinal Stability 
Characteristics of an H-13 Helicopter Equipped with Dry- 
Priction  and Viscous Stabilizer Bar Dampers.     Cornell Report 
No.   TO-703-P-1.     January 1951. 

23.     Seckel,  B.:    Longitudinal Stability Characteristics  of a 
Oyroscopically Stabilized Helicopter  in Forward Plight,     Air 
Materiel  Command,   AP Technical Report No.   6352.     March 1951. L 

2k.  Sisslngh, 0. J.:  The Effect of Feedback on the Characterls- 
• > ties of the Hiller System for Helicopter Control.  British 

R.A.E TN No. 2096.  March 1951.  Restricted. 

25.  Sissingb* 0. J.:  The Effect of Induced Velocity Variation on 
I" Helicopter Rotor Damping in Pitch or Roll.  British R.A.E., 
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26.     Killer,   R.   H.:     Principaxx Facteurs  Inf.luencant Lea 
Caracteristiquss  de Pilotage dea  Helicopteres.     Congrea 
International  de  GirtviatIon.     1951. 

27*     Arnold,   Aleck,   and Qoland:     Helicopter  Dynastic  Stability and 
Control Studies.     Part II - Lateral Stability and Control in 
Holering and Forward Plight Including   the Effects  of Blade 
Flexibility.     Cornell Aero Laboratory,   Report Mo.   BB-437-S-2. 
1 June  1951. 

28. Barnett,   C.  A.:     Liaalon Activities at WP-AFB,  Dayton,   Ohio 
by Contractors'   Peraonnel.     Kellett Aircraft Corporation, 
Report No.  RX-521.     January 1951. 

29. Davis,   W.   V.,   Jr.:    Limited  Tests  Trials Stability and 
Control Phaae,   Model  HTL-J4..     U.   S.   Naval Air Teat Center, 
Plight Teat Division,   Report No.   FT36-I7I4-     17 September 
1951.    Restricted. 

30. Auld,  C. D.,  and Doyle, P. X.:    Wind Tunnel Tests of a 1/16 
Scale Model  of  the XH-16 Helicopter Puaelage.     Part II  - 
Additional Testa of Modifications  to Improve Directional 
Stability and  Pressure-Di, ?  0.«raeteris tics  of  the Forward- 
Engine,   Oil-Cooler,   Exhaust-Port.     David W.   Taylor Model 
Baain Report No.   C-J±5V      \uguat 1951.     Restricted, 

31. Pope,  L.   H.:     Wind  Tunnel Tes \.~ of a 1/16 Soale Model   of 
the XH-16 Helicopter Puaelage.     Part I - Directional 
Stability Characteristics.    David W.  Taylor Model  Baain 
Report No.   C-Jj27.    May 1951.    Restricted, 

32. Daunaia,  Rita M.:     Stability and Control Characteristics of 
the  Raman Servo-Control  Helicopter - Part  IV.     Kaman Air- 
craft Corporation,  Report No.  9980.     3 April 1951. 

33. Collins, R.  B.:    A Preliminary Analyaia of the Stability and 
Control Characteriatica of the Model  HOK-1 Helicopter.     Kaman 
Aircraft Corporation,  Report No*   P-12.     8 October 1951. 

3U.     Oeratenberger, W.:     NABS Auto-Pilot Installation - H0I4S-I 
Helicopter.     Sikorsky Aircraft,   Report No.   SRR-2159. 
1 March 1951.     Confidential. 
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6. 
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10. 

Seckel, B.:  Correlation of Some Longitudinal Dynamic 
Stability Characteristics of a Bell Helicopter from 
Theory and Plight Tests.  IAS Preprint No. 356. 
31 January 1952. 

Gray, R. B., McCaskill, A. M., Nikolsky, A. A., Pools, 1. K. 
Slaymaker, S. B.:  Model Study of Dynamic Stability of 
Helicopters.  Phase I Development of Model and Testing 
Techniques.  Princeton University* Aeronautical Engineering 
Laboratory, Report Ho. 190.  1 February 1952.  Restricted. 

Burlcam, J. B.: A Simplified Analysis of Helicopter and 
Automatic Pllo-. Dynamic Stability. American Helicopter 
Magazine, P. 3.  Pebruary 1952.  Part II, p. 11, March 1^52. 

Carter, E. S., Jr.:  An Analysis of the Helicopter Transfer 
Function to Predict Achievable Handling Characteristic of 
the Stabilized Helicopter.  Proceedings of the 8th Annual 
Forum, A.H.S.  16 May 1952. 

Sissingh, G. J.:  Some Remarks on Dynamic Stability of the 
Helicopter and Characteristics of Gyratory Stabilizing 
Systems.  Proceedings of the 8th Annual Porua, A.H.S. 
16 May 1952. 

Gessow and Myers: 
MacMillan Company, 

Aerodynffmlca of the Helicopter. 
Sew York.    1952.—  

The 

Remark, P. D.:  Design, Fabrication, and Plight Test 
Stabilizing Controller; H-5 Helicopter Servo Rotor Control 
System.  Goodyear Aircraft Corporation Report Ho. GHR-lj.^30. 
2\  January 1952. 

Crim, Reeder, and Shitten?  Initial Results of Instrument- 
Plying Trials Conducted lr a Single-Rotor Helicopter. 
Written:  11 March 1952.  NACA TH 27a. 

Guarino, L. S.: Report on Development and Design of 
Automatic Pilot for Rotar.. Wing Aircraft.  Haval Air Material 
Center, Report Ho. NABS-INSTR-13-52.  21 March 1952. 
Restricted. 

Mazur, John W.:  An Analytical Method for the Determination 
of the Basic Longitudinal stability Characteristics of a 
Conventional Slngle-Liftit. - Rotor Helicopter.  Naval Air 
Test Center.  8 July 1952. 
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j- 11.  Mooers, Alden J:  Preliminary Plight Testing of a Honeywell 
• Autopilot In a Piaseekl XHJP-1 Helicopter.  Minneapolis- 

Honeywell, Preliminary Tochnlcal Report AD50I4.6-TRI-I. 
28 April 1952.  Restricted. 
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12. Nikolsky, A. A.:  A Quantitative Study cf the Effect of 
Large Increase In r.p.m. and Blade Inertia and Hinge Offset 
on Stability and Control of a Midget Helicopter.  Princeton 
University, Department of Aeronautical Engineering. 
November 1952. 

13. Stewart, William:  Some Recent Helicopter Research Investi- 
gations.  The Helicopter Association of Great Britain. 
21 March 1952. 

Ik      Dlni, G. E.:  Sons Notes on the Aerodynamic Servocontrol of 
Helicooters. L'Aerotecnica, Volume XXXII - N„ 2, p. 63* 
15 April 1952. 

15. Bills, Charles W«:  Effects of Rotor Dynamics on the Auto- 
matic Stabilization of Helicopters.  Massachusetts Institute 
of Technology.  May 1952. 

16. Holman, J. A.:  Stabilizing Controller for H-19 Helicopter, 
Theoretical Stability Analysis.  Gocdyear Aircraft Corp., 
R-569.  30 April 1952. 
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•- 17.  Nikolsky, A. A.:  The Longitudinal Stability end Control of 
\ Single Rotor Helicopters in Autorotative Forward Plight. 

Princeton University, Aeronautical Engineering Laboratory, 
Report No. 215.  October 1952. 

18.  Gebhard, J. G.:  Stability and Control.  Gyrodyne Company 
of America, Inc., Report 2C-33200-1.  13 January 1952. 

t| 19.  Saravanos, B.:  Helicopters in Free Ground Vibration. 
Aircraft Engineering, p. 356.  December 1952. 

• 

I 20.  Stewart, W.:  Second Harmonic Control on the Helicopter 
f Rotor.  British R. A. E. Report No. Aero 21*72.  August 1952. 

Restricted. 

> 21.  Goland, Leonard: The Objectives and Methods of Approach 
for Helicopter Dynamic Stability and Control Research. 
Princeton University, Helicopter Laboratory, James 
Forrestal Research Center.  1 December 1952.  Restricted. 

22. Remark, P. D.: Design. Fabrication, and Flight Test 
Stabilizing Controller E 5 Helicopter Servo Rotor Control 
System. Goodyear Alrcr***i Corporation, Report No. R-5^2. 
2k  January 1952. 
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23.     Bills,   C.   W«:     A  Preliminary Report  on  the   Influence  of  HTK-1 
Plight  CharRcteridtics  on Automatic Plight Control Equipment. 
Kaman Aircraft Corporation,   Report No.   SMR 123.     ^ October 
1S62.     Restricted. 

2k>    Warsett„   P.:     Introductory RBAC Study of  Helicopter  Stability 
and Lagged Rate Autopilot.     M-H Aero Technical Report 
AR  2U25H-TR2.     19 August 1952. 

25.     Warsettj,   P.,   and Brown,   C-   A.:     RRAC Study  of MH-18  Control 
System Applied  to HUP-2 Helicopter,  M-H Aero  Technical 
Report AR 2U25H-TTOo     5 September 1952.     Restricted-. 
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Vernon, J.B.:  "Flight Teats or. Helicopter Experiment 
Constant Speed Control", Hamilton Std. Rep. HSP-^66 
2k  March 19hli. 

Llghtfoot, R.B.:  "Synchronized Throttle and Pitch 
Control for YR-U Aircraft", Sikorsky Aircraft Hep 
No. SER-U2, 5 Kay Mo~    •> ni. i. 

Zins,   W.E.:     "Fundamental  Tests  of   the Gererel   Riec 
Rotor  Governor  for Helicopters",  AMC  Engireeririg 
rstvl .'i«.-.n    f«. »«-  TSEPR-593-66-2),   *» Mirch 1%6. 

Silvester,  I-M,:     "Tests  cf   the  Cornell  A'rcr.aut. rF 
Laboratory Constant  Speed Velocity  Type Rotor Go**r 
fnr  Rwiicopters",   AMC  Enginet»rin£ D1*'Mo»!   ($#rS«- 
No.   TSEPR->5.2  23-2) ,   ZZ April l'*it* 

Silvester,   L.M.:     "Fundamental  Teata of   Ho*ail".oc 
Standard Propellers  Constant  Speed Rotcr Governor f 
Helicopters   Installed on a  YR-uB Heliccct er*,AMC  £n$ 
neering Division  Report No.   TSEPR-593 ih   *.   $«pte*o 

Gottfried,  R.N.:     "Furdamentai Te«t» or   the Jomeii 
Aeronautical  laboratory Displacement   Typ>  Constant 
Speed Rotor Governor for Helicopter*",  AMC Engineer: 
Division Report  Mo,   TSEPR-532-23-3 *    lh Jew-aery IQt 

Gates,  C:     "Instruction Data  for Model   CAl 5R-53 
Constant  Speel Rotor  Control  for  the Yfc-oa  Helieoptt 
Cornell Aero  Lib.  Rep.  No.   BB-j3$-S-l,  12 De*e«ti»r I 

Congdon,   E." 
Standard  -1 .- 
Model  YR-5A*, 
15 June 1918. 

"Flight Test Governor*  -1- Hamilton 
General Electric  -111- f^ohno-Scienti; 
Sikorsky Aircraft  Rep.   '.'o.   SKH-l5fe6. 

Zeigler,   D D°.     "Operational  Tests o:   the  Cornell 
Electrically Operated Throttle Governor Installed on 
an  H-6 He?icopter",  AMC Memor*nd'» R>p.,  Serial Mo, 
MCREXB-5°3*2-l,   3  June  1949* 

Devillers A  DeJesaey       "Comisande  Du F«a C:.i-ral Sur 
Voilures  Tournantes  Par Regulateur  Pr*aelectif et 
Asservir",  Congres  International de Girsvlatlon,  195 

Burkam,   J.:     "Selection of  Governor System for  HUP 
Helicopter",   Plasecki  Helicopter Corporation Report 
R-36,   27  February  1953 - 
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